Abstract-A series of experiments were conducted using commercially available Al 2 O 3 :C optically stimulated luminescent dosimeters to provide a technical basis for their precise calibration and statistical performance at irradiated air kerma doses between 0.02 mGy and 5 mGy using 137 Cs. This study examines the dose response linearity, studies the background signal for annealed dosimeters, and compares the statistical performance of dosimeters that were annealed and not annealed prior to their irradiation and readout. The average and standard deviation for the response of groups of dosimeters annealed and nonannealed prior to their irradiation were determined at each delivered dose. The batch of dosimeters that were annealed prior to their irradiation exhibited a coefficient of variation in its mean dose response below 10% when using three or more irradiation trials at each delivered air kerma dose between 0.02 mGy and 5 mGy. The reader calibration factor was calculated using the response of the annealed batch of dosimeters and was determined to be 756 ± 7 photomultiplier tube counts per mGy. Best estimates of the individual sensitivity factors were determined to be between 0.79 and 1.12 for the annealed batch of dosimeters. The minimum number of irradiations required to accurately determine the sensitivity factor of each individual dosimeter is reported with the recommended reader and dosimeter calibration procedures. Health Phys. 116(1): 42-59; 2019 
INTRODUCTION
OPTICALLY STIMULATED luminescent dosimeters (OSLDs) are detectors that measure absorbed dose from exposure to ionizing radiation. The amount of dose deposited in the dosimeter can be determined by reading out the light signal, whose emitted intensity is proportional to the absorbed dose, emitted when the dosimeter is interrogated with visible light (Abraham et al. 2017a ). In order to achieve an accurate approximation of dose when using OSLDs, there must be established procedures that ensure each OSLD and the machines used for their readout are properly calibrated. This study seeks to establish a standard and supporting technical basis for laboratories to use in calibrating OSLDs, particularly nanoDots, and their readout equipment.
Currently the characterization and calibration of OSLDs have not been investigated as thoroughly as their counterpart, thermoluminescent dosimeters (TLDs). TLDs have been in use for personnel dosimetry since the 1960s, while the use of OSLDs in worker and personnel dosimetry has been a relatively new practice in the field of medical physics (Abraham et al. 2017a) . Given TLDs' longer availability for commercial use during the past several decades, the statistical performance and calibration of TLDs are better understood and better characterized than those of OSLDs (Plato and Miklos 1985; Simpkins and Kearfott 1997; Kearfott et al. 2015) . Examples of TLD characterization include error analysis in dosimeter response with relation to irradiation conditions for TLDs (Duch et al. 1998 ), calculation of individual correction factors for TLDs (Plato and Miklos 1985; Simpkins and Kearfott 1997) , and correction of spatial nonuniformity in the delivered dose to TLDs . Additionally, TLDs have also been calibrated for their dose response linearity, at delivered doses between 8.8 mGy to 6.6 mGy using 2015; Al-Senan and Hatab 2011; Lavoie et al. 2011 ) to analyze dosimeter energy response, batch homogeneity, and dose linearity. However, there are very few papers available that focus on the characterization and calibration of OSLD nanoDots, particularly in the 137 Cs energy range. Investigation of dosimeter response in the 137 Cs energy range is of particular importance since 137 Cs is an environmental contaminant that decontamination and recovery crews are exposed to in areas that are in close proximity to sites of nuclear reactor accidents, such as those in Fukushima and Chernobyl, due to the 137 Cs intermediate half-life of about 30 y. OSLDs are read out to determine the amount of dose they have accumulated in a given radiation setting for academic, research, and clinical purposes (Reft et al. 2009; Abraham et al. 2017b ). For the readout of an OSLD with some readers with form factors displaying highly reproducible repositioning and certain materials with efficient trap clearing, a signal is only partially extracted by conducting a single measurement. Some OSLDs have the ability to be interrogated multiple times postirradiation, often without experiencing a significant loss of signal. This allows for improved accuracy concerning the statistical information about the estimated dose (Abraham et al. 2017b) , including an ability to reject any outlier readings and compute uncertainty statistics concerning the measurements.
In a previous experiment, OSLD nanoDots were employed in an attempt to verify the uniformity of dose distribution to nanoDots placed in a 20-cm Â 20-cm region of a polymethyl methacrylate (PMMA) phantom (Mapes et al. 2018) . The lack of definitive results in that reported experiment were possibly due to the lack of application of accurate individual dosimeter sensitivity factors. In order to improve the accuracy and validity of future projects that utilize OSLD nanoDots in experiments, the sensitivity factors and reader calibration factor were investigated in this work. The doses used for this study were also in a lower dose range compared to those used in other studies documenting OSLD calibrations (Reft et al. 2009 ) but in a dose range comparable to those documenting TLD calibrations (Harvey et al. 2015) . Reliable results at a lower dose range could enable users lacking high dose-rate sources to check their calibrations more confidently.
In order to ascertain the development of proper standard operating procedures necessary to acquire an accurate approximation of the individual nanoDot sensitivity factor and the calibration factor of the OSL reader, an experiment was devised to address the statistical advantage acquired in annealing nanoDots prior to their irradiation to establish the minimum number of irradiation trials necessary to determine the mean number of photomultiplier tube (PMT) counts read out from a batch of nanoDots and the minimum dose required to irradiate the nanoDots to acquire an accurate approximation of the nanoDot sensitivity factor and reader calibration factor. The results published in this paper will provide a general guideline for the calibration and statistical performance of Al 2 O 3 :C OSLD nanoDots, using both annealed and nonannealed nanoDots that have been irradiated with a 137 Cs source. This guideline can be applied towards establishing normal standard operating procedures in calculating the calibration factor of the reader and the sensitivity factor of each dosimeter irradiated at a known amount of dose with a monoenergetic source in a given radiation setting.
METHODS
Sixty dosimeters with 4-mm-diameter Al 2 O 3 :C discs in 1-cm Â 1-cm Â 0.2-cm plastic casings, or nanoDots (Landauer, Inc., Glenwood, Illinois, US; http://www. landauerinc.com/), were used for this experiment to explore the nanoDots' statistical performance. Initially, all 60 OSLD nanoDots were annealed for a period of 1 h using a standard 150-W floodlight lamp (Eyourlife; Shanghai Newcomdigi Electronic Technology Co. Ltd., Shanghai, China) that contained three 50-W blue light-emitting diodes (LEDs) (Sanny Lighting Technology Co. Ltd., Linyi, China) to clear out any residual signal stored in the OSLD nanoDots (Abraham et al. 2017a) . To accommodate the nanoDot dimensions, a new dosimeter storage and irradiation plate was created to work with a previously designed 40-cm Â 40-cm Â 0.6-cm PMMA irradiation phantom and storage system (Parker et al. 2011) . Appropriately numbered cutouts were made on the plate to accommodate all 60 OSLD nanoDots in the center, as illustrated in Fig. 1 . Within the 20-cm Â 20-cm grid area, there were 100 cylindrical pits approximately 1.4 cm in diameter and 0.3 cm deep, with 0.6 cm separating each cylindrical pit. Each cylindrical pit had a number designating its relative position on the PMMA plate, with increasing order from left to right and top to bottom.
Each nanoDot, with its unique identification number provided by the manufacturer, was assigned a position on the PMMA plate after initial annealing, and each nanoDot's assigned position on the PMMA plate remained constant throughout the entirety of the experiment. The OSLD nanoDots that were examined for their statistical performance in the experiment were confined to the middle six rows of the PMMA plate or in the 20-cm Â 15-cm region in the center of the PMMA plate in Fig. 1 . In the 20-cm Â 15-cm region of the PMMA plate, the beam uniformity varied by 3.0% or less as determined by the interpolated ion chamber measurements for a weak source in a spaceconstrained environment (Mapes et al. 2018) . The PMMA plate, used when irradiating all 60 nanoDots, was attached to a 40-cm Â 40-cm Â 15-cm PMMA phantom, as depicted in Fig. 1a and b. The nanoDots within the PMMA plate were irradiated with known air kerma doses of 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 mGy from a 270-GBq
137
Cs source at a distance of 1 m, as illustrated in Fig. 1c . The amount of time required to deliver a known air kerma dose to the dosimeters at a distance of 1 m from the source was calculated using the 137 Cs present source activity, the air correction factor, and the calibration factor of the secondary ion chamber used to measure the air kerma dose rate (Exradin Spherical Ionization Chamber Ref 92724 Model A5; Standard Imaging, Inc., Middleton, Wisconsin, US), as described previously for the same 137 Cs calibration source (Mapes et al. 2018 ). Prior to each readout, the OSLD nanoDot was inserted into a plastic holder that facilitated its placement into the drawer of a commercially available manual OSL reader (InLight microStar Reader Version 4.34506.25886; Landauer, Inc.; http://www.landauerinc.com/). The reader used during this experiment read out the nanoDots in its standard operating mode. The manufacturer's reader utilizes two green LED light beams of distinct intensities to interrogate the signal from the OSLD (Abraham et al. 2017b; Kawaguchi et al. 2017) . The readouts for this experiment were performed using the LED beam in low-dose mode. The time required to fully read out all 60 nanoDots, with 30 readouts for each nanoDot to establish statistically relevant data (Abraham et al. 2017b) , was on average 3 h with multiple shifts shared between different lab assistants. After reading out all 60 nanoDots, 30 of the read out nanoDots were partially removed from their plastic casing, with their 4-mm-diameter Al 2 O 3 :C disc uncovered, and were annealed for a period of 1 h to clear out the accumulated signal following each irradiation (Abraham et al. 2017a ). The method for deciding which dosimeter would be annealed and nonannealed was based on the numbering pattern labeled on the front of the PMMA plate used to contain all 60 nanoDots. NanoDots that were placed in the odd-numbered cylindrical pits were annealed, while the nanoDots placed in the even-numbered pits were left nonannealed following each irradiation trial to observe any error propagation in the nanoDots reused without any signal clearance.
After their optical annealing, each nanoDot from the annealed batch was read out 30 times in order to establish a proper estimate of the residual signal with a 99% statistical accuracy (Abraham et al. 2017b ). This procedure involved one lab assistant reading out all 30 nanoDots in a period of 1.5 h. Following this, all 60 OSLD nanoDots were stored in their respective positions in the PMMA plate, which was placed in a drawer overnight. The next day, the PMMA plate was taken out of the drawer, attached to the 40-cm Â 40-cm Â 15-cm phantom, and all 60 OSLD nanoDots within the plate were irradiated at the same air kerma dose, using the same aforementioned procedures, until five irradiation trials at the same delivered air kerma dose were performed by the end of the week. After the annealing and readout of the annealed batch of nanoDots following the fifth irradiation trial, all 60 nanoDots were reirradiated at a higher delivery air kerma dose for another five trials using the same procedure mentioned previously.
In order to acquire and analyze the readout data in the most expedient manner, a generalized code was developed using a commercially available mathematics software package (MATLAB R2017; MathWorks, Natick, Massachusetts, US; http://www.mathworks.com/). The code was designed to take the signal acquired from the manufacturer's data collection and analysis software (microStar Reader Version 4.34506.25886; Landauer, Inc.; http://www.landauerinc. com/) and output the signal, in terms of PMT counts for each readout, while accounting for signal depletion, if it occurred, as a function of the number of readouts. This code sorts each OSLD nanoDot readout and its associated PMT counts into a spreadsheet that outputs the mean signal produced from the total number of readouts. The code utilizes a mathematical model (Abraham et al. 2017b ) to characterize the fractional signal loss of the recorded signal as a function of readouts using the following equation:
In eqn (1) S m is the signal read out for the m th readout, f is a dimensionless parameter that estimates the fractional signal loss per each readout process, and T o is a fitted parameter that represents the first signal read out with f set to zero (Abraham et al. 2017b) . The code additionally outputs the average number of counts recorded for each dosimeter as well as the individual sensitivity factor and reader calibration factor provided by the manufacturer. It is noted that not all nanoDots exhibited significant depletion; this is likely due to the fact that the mechanical unveiling process resulted in precise repositioning of the dosimeter material in some cases but not others for this particular reader. In cases of insignificant depletion, the fitting was discarded and a simple averaged reading was used for the analysis.
Background (annealed) signal
The mean number of PMT counts from 30 readouts, following their optical annealing, for each OSLD nanoDot in the annealed batch was recorded in a spreadsheet using the generalized code and was categorized based on each dose irradiation trial. After each annealed OSLD nanoDot was read out, the annealed signal or background signal read out in the nanoDot was subtracted from the number of PMT counts that was read out from the same nanoDot after being irradiated with a known air kerma dose to acquire the net number of PMT counts read out in an OSLD nanoDot following each irradiation trial. In order to subtract the annealed signal from the mean signal produced from 30 readouts, when calculating the net signal accumulated in an OSLD nanoDot T n , an adaptation of an equation used in a previous paper (Abraham and Kearfott 2018) was employed:
Here, T o,n is the mean number of counts read out on an OSLD nanoDot after it has been irradiated with a known air kerma dose and read out for 30 times. T o,n−1 is the residual background (annealed) signal that was read out on the same nanoDot after it has been optically annealed for a period of 1 h using blue light, prior to its irradiation; f n−1 is the fractional loss of signal exhibited by the annealed nanoDot as a function of readouts, which was calculated in the generalized code created on the same commercially available mathematics software package used above; and N is the total number of readouts performed for the annealed nanoDot. In the case that the annealed nanoDot exhibited insignificant depletion, the net signal was calculated by subtracting the averaged readings from N readouts performed on the annealed dosimeter preirradiation from the mean number of counts read out on an OSLD nanoDot postirradiation.
Eqn (2) was also applied to determine the net number of PMT counts T n stored in the nonannealed nanoDot following each irradiation trial. When subtracting the stored signal from the nonannealed nanoDot, T o,n is the mean signal of a nonannealed nanoDot read out after its irradiation trial, T o,n−1 is the mean signal stored on the same nanoDot read out N number of times in a previous irradiation trial, and f n−1 is the fractional loss of signal exhibited by the nonannealed nanoDot during the previous dose irradiation trial.
Individual sensitivity factors
The individual sensitivity factors were calculated using equations utilized in previous studies characterizing OSLD nanoDots using CT (Scarboro et al. 2015) and 60 Co (Kerns et al. 2011) . The nanoDot sensitivity factor was calculated by taking the ratio of the response of an individual nanoDot C i,j,k to that of the entire batch of nanoDots C i,j . The response of the entire batch of nanoDots after being exposed to a known air kerma dose i during irradiation trial j was calculated using the following equation:
where C i,j is the average number of PMT counts read out in an entire batch of nanoDots after being irradiated with a known air kerma dose i during the irradiation trial j. The response of the entire batch of nanoDots following a single irradiation trial was used to calculate each nanoDot individual sensitivity factor using the following equation:
where C i,j,k is the net number of PMT counts read out from each nanoDot k during the irradiation trial j after being irradiated with a known air kerma dose i. C i,j,k includes the correction factor for the OSLD nanoDot's position on the PMMA plate using interpolated normalized ion chamber measurements acquired from a previous experiment (Mapes et al. 2018) . C i,j is the mean number of PMT counts read out over the entire batch of 30 nanoDots at irradiation trial j. SF i,j,k is the sensitivity factor calculated for each OSLD nanoDot k during the irradiation trial j at the delivered air kerma dose i. In order to determine the minimum number of irradiations necessary to accurately approximate the nanoDot individual sensitivity factor, the cumulative average of the sensitivity factor SF i,k for each individual nanoDot as a function of the number of irradiation trials M was calculated using the following equation:
The normalized cumulative average of each OSLD nanoDot's sensitivity factor was plotted to examine the change in the nanoDot's mean sensitivity factor as a function of averaging sensitivity factors calculated independently of their respective irradiation trials. The factor that was used to normalize the cumulative average of each nanoDot sensitivity factor was calculated in the following equation:
Plotting and calculating the normalized cumulative average of each nanoDot sensitivity factor by using eqns (5) and (6) smooths out any short-term fluctuations following each irradiation trial and emphasizes any long-term trends observed in the nanoDot's response as a function of the irradiation trials used to calculate the mean sensitivity factor of the nanoDot. For both the annealed and nonannealed batch of nanoDots, 12 irradiation trials total were used to plot the cumulative average of the sensitivity factors for all of the nanoDots in their respective batch. The data that were used during the first five trials were at a delivered air kerma dose of 5 mGy, the next set of data used for the subsequent five irradiation trials were at a delivered air kerma dose of 2 mGy, and the last set of data for the final two irradiation trials were at a delivered air kerma dose of 1 mGy. The standard deviation calculated for the mean nanoDot individual sensitivity factor after each irradiation trial used the following equation:
The coefficient of variation (CV) for each nanoDot's mean sensitivity factor using the method of taking the cumulative average after each irradiation trial was derived in the following equation:
The method of taking the cumulative average of the individual sensitivity factor of the OSLD nanoDot is similar to the approach of calculating the element correction factors (ECFs) for TLDs in previous papers by Plato et al. (1985) and Simpkins and Kearfott (1997) . In Plato's work, the TLD ECFs were calculated by taking the ratio of the response of one reference dosimeter to that of the entire batch of 200 reference dosimeters. Three irradiation trials were performed for a batch of TLDs, and the ECFs for each dosimeter were calculated after each irradiation trial. The ECFs produced from three irradiation trials for each TLD in the batch of dosimeters were averaged, and the CV was calculated to examine the distribution of the ECF values. In this experiment, the CV for each nanoDot sensitivity factor was examined to see if there was any significant improvement associated with using more irradiation trials when calculating the nanoDot sensitivity factor by the method of cumulative averages.
Irradiation trials
In order to determine the minimum number of irradiation trials required to irradiate a batch of OSLD nanoDots at each air kerma dose, the standard deviation and the mean number of counts for each OSL in their respective batch were calculated at a delivered dose i for M number of trials using the following equation:
C i,k is the mean number of counts that each nanoDot k had received after being irradiated with the delivered air kerma dose i averaged over a certain number of irradiation trials M. C i,j,k is the net number of PMT counts recorded for the nanoDot k calculated in the same manner that T n is calculated in eqn (2), at the delivered air kerma dose i during the dose delivery trial j. Additionally, C i,j,k includes the correction factors for the OSLD nanoDot's position on the PMMA phantom using the interpolated normalized ion chamber measurements recorded for 100 positions on the 40-cm Â 40-cm Â 15-cm phantom acquired from a previous experiment (Mapes et al. 2018) . SF i,k is the mean sensitivity factor for each nanoDot k when using a set number of irradiation trials. Twelve irradiation trials were used to determine SF i,k to correct the response of each individual dosimeter C i,k , since it was the maximum number of irradiation trials that were used to calculate the mean sensitivity factor of each nanoDot. The number of PMT counts read out in the entire batch of nanoDots, annealed and nonannealed, was calculated using the following equation:
In the above equation, C i is the average number of PMT counts read out from a batch of nanoDots irradiated with a known air kerma dose i when using M number of irradiation trials to ascertain the net number of PMT counts that each nanoDot k had accrued. In this experiment, C i is the average number of PMT counts read out from all 30 OSLD nanoDots in their respective batch confined in the 20-cm Â 15-cm region of the PMMA plate. In order to acquire an accurate approximation of the mean PMT counts acquired in each batch of nanoDots, it is essential to know at which air kerma dose and the number of irradiation trials necessary to minimize the statistical uncertainty associated with the accumulated counts read out on each individual nanoDot C i,k . To make this determination, the following equation was used:
The standard deviation of the population s i,M, was calculated using the data collected from all 30 nanoDots in their respective batch after being irradiated with a known dose i for M number of irradiation trials using eqn (11). In order to quantify the relative amount of variability that is measured in both the annealed and nonannealed batch of nanoDots, the CV in the number of PMT counts read out from each batch of nanoDots was calculated using the following equation:
Reader calibration factor-linear dose response The reader calibration factor is a conversion element used to quantify the amount of PMT counts read out per unit air kerma dose delivered to the batch of OSLD nanoDots, which is unique for each commercially available reader used to read out OSLDs. The following equation was used to calculate and plot the reader calibration factor:
The reader calibration factor in this case was calculated by plotting C i as a function of D i , the delivered air kerma dose, to quantify the linear response of the number of PMT counts read out from the batch of nanoDots to the exposed air kerma dose. The ranges of air kerma doses investigated in plotting C i for the annealed and nonannealed batch of nanoDots were from 0.02 mGy to 5 mGy, 0.2 mGy to 5 mGy, and 1 mGy to 5 mGy. The slope of the plot was used to acquire the reader calibration factor in units of PMT counts mGy −1
. To accurately assess the linearity in the mean number of PMT counts accumulated by the batch of nanoDots, as a function of dose, the coefficient of determination (R 2 ) of the fitted trend line and the uncertainty of the fitted trend line were calculated using the mathematical functions inherent in the commercially available electronic spreadsheet (Microsoft Excel 2013; Microsoft Corp., Redmond, Washington, US; https://www.microsoft.com).
Reader calibration factor-different air kerma dose comparison
The reader calibration factor RCF i was also calculated by using the mean number of PMT counts read out from a batch of nanoDots C i and dividing it by the delivered air kerma dose D i to acquire a conversion factor in units of PMT counts mGy −1 as shown in eqn (13). The reader calibration factor was plotted at each air kerma dose using a different number of irradiation trials M to determine the mean number of PMT counts C i read out from a batch of nanoDots at each dose.
Reader calibration factor-nanoDot quantity comparison
One point to investigate is the number of nanoDots necessary to acquire an accurate approximation of the reader calibration factor should the user have fewer nanoDots than the number used in this experiment. The reader calibration factor was calculated using five dose irradiation trials to acquire the mean number of PMT counts read out from a group of nanoDots at each delivered air kerma dose. The number of nanoDots in the batch was varied, in increments of 5 nanoDots, using 5 to 30 nanoDots to observe any significant differences attributed to using fewer nanoDots when calculating the reader calibration factor.
RESULTS AND DISCUSSION

Background (annealed) signal
The mean signal read out for the entire 1,200 data points recorded from the annealed batch of nanoDots was calculated to be at 31.0 PMT counts with a standard deviation of 4.3 PMT counts. It is noted that each data point is based upon 30 sequential readouts, for a total of 36,000 readouts that were manually obtained, as the particular reader used is not automated. The distribution of counts read out for each nanoDot in the annealed batch, over the entirety of the experiment, is plotted in Fig. 2 . The shape of the distribution is described by its skewness, which measures the degree of asymmetry in the data set, and kurtosis, which measures the degree of heaviness for the distribution's outliers. A normal distribution has a skewness of 0, indicating perfect symmetry, and a kurtosis of 3, which is called mesokurtic. The skewness for the data sets of annealed counts read out in Fig. 2 was calculated to be 0.0025 ± 0.07. The positive skew value indicates that the tail on the right side of the histogram is slightly longer than that of the left side, and that the bulk of the values recorded for the annealed nanoDot counts lie to the left side of the mean (Kim et al. 2013) . This indicates that the number of counts read out in nanoDots annealed following their irradiation were skewed more towards values that were at 31.0 PMT counts and below.
The kurtosis value calculated for this distribution of counts is 1.04 ± 0.14 and the excess kurtosis value was calculated to be −1.96 ± 0.14. Since the excess kurtosis is a negative value, the distribution of counts is sub-Gaussian or platykurtic, which indicates that the number of outliers in the tails are fewer than that of a normal distribution (Kim et al. 2013) . This is observed in the shape of the histogram's distribution of counts in Fig. 2 . The number of PMT counts read out in the annealed batch of nanoDots that had a frequency of 70 or more occurrences are in the center of the distribution, in the range of 27 to 34 PMT counts, whereas the majority of the counts that were below 27 and above 34 had a frequency of occurrences that were at least a factor of 2 lower than 70. The mean background signal read out from the annealed dosimeters is comparable in magnitude to the net signal read out from dosimeters that were irradiated with a known air kerma dose of 0.02 mGy. When dosimeters are exposed to low doses, especially those below 0.1 mGy, it is crucial that the annealed signal be subtracted following the readout of an irradiated dosimeter to acquire a better approximation of the net signal accrued by the dosimeter following an irradiation trial and to remove any systematic error attributed to the background signal of an annealed dosimeter.
Individual sensitivity factor
The individual sensitivity factor for each nanoDot is used to quantify and correct the differences in response between dosimeters when exposed to the same radiation field. In calculating the individual sensitivity factor of each OSLD nanoDot, it is important to determine the minimum number of irradiation trials that are necessary to accurately ascertain the mean individual sensitivity factor. The normalized cumulative average of each nanoDot sensitivity factor was plotted to observe any changes in the nanoDot's mean sensitivity factor when using a greater number of trials. Fig. 3 plots the normalized cumulative average of the nanoDot sensitivity factors for each OSLD nanoDot in the annealed and nonannealed batch using eqns (5) and (6). In  Fig. 3a , the normalized cumulative average of the individual sensitivity factors for all 30 annealed nanoDots were tightly packed around values between 0.97 and 1.03 whereas in Fig. 3b the normalized cumulative averages of the individual sensitivity factors for all 30 nanoDots in the nonannealed batch exhibit a much broader range between 0.61 to 1.58. Fig. 3c plots the normalized cumulative averages of the individual sensitivity factors for fewer nanoDots in the nonannealed batch. Fig. 3c illustrates how the cumulative averages for the sensitivity factors of nanoDots that were left unannealed prior to their irradiation exhibit greater variation than those in the annealed batch as more irradiation trials are used to calculate the mean of each OSLD nanoDot's sensitivity factor. Table 1 catalogs the CV of the individual sensitivity factors that were used, which were calculated using 1 to 12 irradiation trials, to calculate the mean sensitivity factors for the OSLD nanoDots in the annealed batch of dosimeters. In Table 1 , the calculated CV values for the nanoDot mean sensitivity factor, when using three irradiation trials, were below 10% for 29 out of 30 nanoDots in the annealed batch. Additionally, 26 out of 30 nanoDots in the annealed batch also had a CV below 5.0% when using three irradiation trials to calculate the mean individual sensitivity factor. The tabulated values for the sensitivity factor of each nanoDot in the annealed batch were recorded in Table 2 . Here it is observed that the mean sensitivity factors, calculated using at least three irradiation trials, do not change by more than 3.1% when using a greater number of trials. From Tables 1 and 2 , it is observed that averaging more than three irradiation trials does not provide any significant advantage to approximating the nanoDot sensitivity factor. Thus, when calculating the nanoDot sensitivity factor using the method of taking the cumulative average of the OSLD nanoDot's sensitivity factor as a function of irradiation trials, it is recommended that a minimum of three irradiation trials be performed. This reflects the same observations and recommendations made in previous papers for calculating the ECFs of TLDs (Plato et al. 1985; Simpkins and Kearfott 1997) . Table 3 catalogs the CV of the mean sensitivity factors calculated for nanoDots in the nonannealed batch, which exceed 10% for at least 25 out of 30 OSLD nanoDots when using three or more irradiation trials to calculate the mean nanoDot sensitivity factor. The CVs for the nanoDots in the nonannealed batch do not show significant improvement that would justify the use of nonannealed OSLD nanoDots even if a greater number of irradiation trials were used to calculate the mean individual OSLD sensitivity factor. Table 4 tabulates the mean nanoDot sensitivity factors for each OSLD nanoDot in the nonannealed batch. Here it Fig. 3 . Normalized cumulative average of the individual sensitivity factors for 30 nanoDots in the (a) annealed batch of nanoDots, (b) nonannealed batch of nanoDots, and (c) from 9 nanoDots taken from the nonannealed batch for 12 dose irradiation trials (5 of which were at 5 mGy, 5 of which were at 2 mGy, and 2 of which were at 1 mGy, in that order).
is observed that the averaged sensitivity factors calculated using three irradiation trials do not change by more than 20.0% when using a greater number of irradiation trials. However, it is not recommended to calculate the nanoDot sensitivity factors using the methods of cumulative averages for nanoDots that were left unannealed prior to their irradiation as demonstrated Fig. 3b and c. Fig. 3b and c show how the mean sensitivity factor of each nanoDot exhibits a greater susceptibility to change as a function of irradiation trials when it is left unannealed, which is attributed to the lack of signal clearance and the associated error propagation in the nonannealed dosimeter following each irradiation trial.
Irradiation trials
In order to acquire a better estimate of the reader calibration factor, it is necessary to determine the minimum amount of dose to deliver to the batch of nanoDots and the minimum number of irradiation trials at each dose necessary to minimize the statistical uncertainty related to the mean number of PMT counts read out from the entire batch of nanoDots. Fig. 4a -e plots the CV in the mean number of PMT counts read out from the batch of annealed and nonannealed nanoDots at each delivered air kerma dose for a set number of irradiation trials. From Fig. 4a -e, it is observed that the majority of the CV values calculated for the mean number of PMT counts read out from the annealed batch of nanoDots are at least a factor of 2 lower than those calculated in the nonannealed batch of nanoDots at every delivered air kerma dose used in this experiment. For the nonannealed batch of nanoDots, it is observed that using a greater number of irradiation trials at each delivery air kerma dose, the CV in the mean number of PMT counts read out from the nonannealed batch of nanoDots at each delivery air kerma dose improves as it decreases by as little Table 1 . Coefficient of variation of the mean individual sensitivity factor for each OSLD nanoDot in the annealed batch of nanoDots using the method of cumulative averages. The number of irradiation trials corresponds to the number of data points collected for the nanoDot's sensitivity factor that were averaged to find the mean sensitivity factor of each OSLD nanoDot. as 0.82% and as large as 59.30%, depending on the number of trials that are being compared. Conversely, the annealed batch of nanoDots does not exhibit as significant of an improvement with using a greater number of irradiation trials at each delivery air kerma dose. The CVs for the mean number of PMT counts read out from the annealed batch of nanoDots were observed to fall below 10% when using three or more irradiation trials at each delivered air kerma dose between 0.02 mGy to 5 mGy. At a delivered air kerma dose of 1 mGy and above, when using three irradiation trials at each delivered air kerma dose, the calculated values for the CV fall below 3.0%. In using fewer than three irradiation trials at each delivered air kerma dose, the majority of the CV values calculated at each delivered air kerma dose are observed to increase by 0.84-12.0%. Conversely, in using a greater number of irradiation trials, such as five irradiation trials, at each delivered air kerma dose, the CV values decrease by no more than 2.0%. Thus, there is no significant advantage to using a greater number of irradiation trials provided that three irradiation trials are sufficient for measuring a CV in the mean number of PMT counts read out from a batch of dosimeters to be lower than 10% at delivered air kerma doses between 0.02 mGy to 5 mGy.
Reader calibration factor-linear dose response
The reader calibration factor is a correction factor used to determine the amount of air kerma dose delivered to a batch of OSL dosimeters based on the mean number of PMT counts read out from the batch of dosimeters. In Fig. 5a -e, the average number of PMT counts read out from the annealed batch and nonannealed batch of 30 nanoDots were plotted as a function of the delivered air kerma dose, whose slope is the reader calibration factor based on the data collected from using one to five irradiation trials at each delivered air kerma dose. This is the linear dose-response method of calculating the reader calibration factor. Table 5 catalogs the reader calibration factor calculated from the linear dose-response method over the range of air kerma doses between 0.02 mGy to 5 mGy, 0.2 mGy to 5 mGy, and 1 mGy to 5 mGy. The trend lines produced from plotting C i as a function of D i have R 2 values that exceed 0.998 for the annealed batch of dosimeters and exceed 0.984 for the nonannealed batch of dosimeters as tabulated in Table 5 , both of which indicate a goodness of fit with the trend lines produced. Table 5 shows that it is statistically advantageous to anneal the batch of OSLD nanoDots prior to their irradiation and readout when calculating C i using eqns (9) and (10) and the reader calibration factor RCF i using the linear dose-response method. The majority of the RCF i values calculated from the annealed batch of nanoDots have an associated percent uncertainty below 1.0% when using two or more irradiation trials at delivered air kerma doses between 0.02 mGy to 5 mGy and below 2.0% for delivered air kerma doses between 0.2 mGy to 5 mGy. The increased uncertainty with using a narrower range of air kerma doses may be associated with having fewer C i data points for calculating the reader calibration factor using the linear dose-response method. The percent uncertainty for the reader calibration factor calculated using the annealed batch of dosimeters, for a different range of doses and a different number of irradiation trials, is at least a factor of 2 lower than those calculated from the nonannealed batch of nanoDots when using the same number of dose irradiation trials at delivered air kerma doses between 0.02 mGy to 5 mGy and 0.2 mGy to 5 mGy.
In looking at the reader calibration factor values calculated for the delivered air kerma dose range between 1 mGy Table 3 . Coefficient of variation of the mean individual sensitivity factor for each OSLD nanoDot in the nonannealed batch of nanoDots using the method of cumulative averages. The number of irradiation trials corresponds to the number of data points collected for the nanoDot's sensitivity factor that were averaged to find the mean sensitivity factor of each OSLD nanoDot. to 5 mGy, the associated percent uncertainty for each number of irradiation trials is observed to increase for the annealed batch of nanoDots, regardless of the number of irradiation trials used, and this is due to the use of fewer data points to calculate the reader calibration factor by using the linear dose-response method. Conversely, the reader calibration factor for the nonannealed batch of nanoDots is observed to improve as the reader calibration values calculated are within 6.0% of those calculated from the annealed batch of nanoDots. Additionally, the percent uncertainty falls below 3.0% when using three or more irradiation trials at each delivered air kerma dose when calculating the reader calibration factor using the nonannealed batch of nanoDots at air kerma doses between 1-5 mGy. The improvement in the uncertainty in calculating the reader calibration factor for the nonannealed batch of nanoDots may be due to the decreased impact that the systematic error associated with not annealing nanoDots has in the calculation of C i at a high enough air kerma dose. As mentioned earlier, the mean number of PMT counts read out from an annealed batch of nanoDots was determined to be 31.0 ± 4.3 PMT counts, which is comparable in magnitude to the net number of PMT counts accumulated by nanoDots exposed to an air kerma dose of 0.02 mGy. By only using C i values at high enough air kerma doses to calculate the reader calibration factor, the statistical error associated with not annealing dosimeters is observed to decrease as shown in Fig. 4a -e. However, it is recommended to use the batch of dosimeters that were annealed prior to their irradiation and readout to calculate the reader calibration factor given that the majority of their values tabulated in Table 5 have a smaller uncertainty and a larger R 2 value than their counterparts in the nonannealed batch. Table 4 . Mean individual sensitivity factor for each OSLD nanoDot calculated by taking the average of the sensitivity factors produced from each irradiation trial for OSLD nanoDots from the nonannealed batch of nanoDots. The 3rd and 12th irradiation trials include the standard deviation of the mean individual sensitivity factor. Reader calibration factor-different air kerma dose comparison Fig. 6a -b plots the reader calibration factor calculated at each delivered air kerma dose between 0.02 mGy to 5 mGy, using eqn (13), when employing a different number of irradiation trials at each delivered dose to ascertain the mean number of PMT counts read out from a batch of nanoDots C i . Table 6 tabulates these values for the annealed batch of nanoDots and the nonannealed batch of nanoDots. The percent uncertainties associated with the values calculated for the reader calibration factor using the annealed batch are smaller than those calculated from the nonannealed batch by a factor of 2 or more. The reader calibration factor RCF i calculated for both the annealed and nonannealed batch of nanoDots at each delivered air kerma dose was observed to fluctuate over the air kerma dose range between 0.02 mGy to 5 mGy. However, for the annealed batch of nanoDots, the reader calibration exhibited a stable value regardless of the number of irradiation trials conducted in the air kerma dose range between 2 mGy and 5 mGy as depicted in Fig. 6a . The fluctuation in the reader calibration factor in Fig. 6 may be attributed to the statistical uncertainty in calculating the reader calibration factor at very low doses as well as the error propagation attributed to nanoDots that were left unannealed following their irradiation and readout. Fig. 4 . Coefficient of variation, as a function of delivered air kerma dose, for the mean number of PMT counts read out from the annealed batch (•) and nonannealed batch (▲) of nanoDots. The value at each data point represents the coefficient of variation in the mean reading of an OSLD nanoDot with relation to the mean reading of an entire batch of nanoDots, when using data acquired from (a) one irradiation trial, (b) two irradiation trials, (c) three irradiation trials, (d) four irradiation trials, and (e) five irradiation trials to calculate the number of PMT counts acquired by an OSLD nanoDot at each delivered air kerma dose.
Interesting to note is that the reader calibration factor associated percent uncertainty at each delivered air kerma dose corresponds to the value for the CV plotted in Fig. 4a -e. Table 6 shows that it is advantageous to use at least three irradiation trials at a delivered air kerma dose between 0.02 mGy to 5 mGy to calculate RCF i with a percent uncertainty that falls below 10%. To compare, when using one irradiation trial to calculate C i , the delivered air kerma dose must be at least 2 mGy to acquire a value for the reader calibration factor that has a percent uncertainty below 10%. In order to calculate C i with a percent uncertainty that is below 2.0%, a minimum of three irradiation trials is required at a delivered air kerma dose of 2 mGy and above. At an air kerma dose of 5 mGy, three irradiation trials are sufficient to acquire a value for C i that has a percent uncertainty below 1.5%. To calculate C i with a percent uncertainty that falls below 1.0%, a minimum of five irradiation trials is needed at a delivered air kerma dose of 5 mGy. The reader calibration factor value calculated using five irradiation trials at 5 mGy is identical to the value calculated for the reader calibration factor when using the linear doseresponse method at a delivered air kerma dose between 1 mGy to 5 mGy with five irradiation trials at each delivered air kerma dose. The advantage of using this method over the Fig. 5 . Mean number of PMT counts read out from the annealed batch (•) and nonannealed batch (▲) of nanoDots, plotted as a function of the delivered air kerma dose, in using data from (a) one irradiation trial, (b) two irradiation trials, (c) three irradiation trials, (d) four irradiation trials, and (e) five irradiation trials at each delivered dose. The slope of the trend line is the reader calibration factor, which is used to quantify the number of PMT counts read out per mGy delivered to the batch of OSLD nanoDots. The error bars represent 1 standard deviation from the mean number of PMT counts read out in the batch of nanoDots as a function of the delivered air kerma dose.
linear dose-response method is that fewer irradiation trials are required to acquire an RCF i that is at or below a percent uncertainty of 1.0% for the annealed batch of nanoDots and that the batch of nanoDots need to be irradiated at only one air kerma dose level. In general, calculating the reader calibration factor using the method of dividing the number of PMT counts read out from the batch of dosimeters by the delivered dose with a sufficiently low percent uncertainty is observed when irradiating the batch of dosimeters with a sufficiently high dose for a sufficiently large number of irradiation trials. In this experiment, a reader calibration factor with a percent uncertainty less than 1.0% was calculated when irradiating an annealed batch of nanoDots with 5 mGy with five irradiation trials at that delivered air kerma dose using the experimental procedures mentioned in this work.
The reader calibration factor values for the nonannealed batch of nanoDots are observed to have percent uncertainties as high as 68.2% and as low 9.3%. The percent uncertainty is observed to decrease when using a higher air kerma dose to irradiate the batch of nonannealed nanoDots to ascertain C i . To calculate C i and RCF i with a percent uncertainty below 20%, a minimum of two irradiation trials is required at the delivered air kerma dose of 5 mGy. To calculate the reader calibration factor with a percent uncertainty below 10%, five irradiation trials at 5 mGy are required when using the batch of nonannealed nanoDots. Calculating the reader calibration factor using the nonannealed batch of Fig. 6 . Reader calibration factor calculated as a function of air kerma dose by dividing the mean number of PMT counts read out in the (a) annealed batch of nanoDots and (b) nonannealed batch of nanoDots by the delivered air kerma dose. The mean number of PMT counts read out from the batch of nanoDots include those calculated from using one, two, three, four, and five irradiation trials at each delivered air kerma dose. The error bars represent 1 standard deviation in the reader calibration factor calculated at each delivered dose for a given number of dose delivery trials.
nanoDots is not recommended as the percent error uncertainty is significantly larger than those calculated using the annealed batch dosimeters at each delivered air kerma dose in Table 6 . In fact, a better approximation of the reader calibration factor for the nonannealed batch of dosimeters is obtained by using the linear dose-response method as shown in Table 5 in using delivered air kerma doses at 1 mGy, 2 mGy, and 5 mGy. In other words, a better approximation of reader calibration factor is obtained when the PMT counts are read out from the nonannealed batch of nanoDots and are plotted as a function of the delivered air kerma dose in the dose range between 1 mGy to 5 mGy. This may be due to the fact that at higher delivered air kerma doses the increase in the number of PMT counts accrued by nanoDots in the nonannealed batch is linear but the number of PMT counts that each nanoDot accrued in the nonannealed batch is much greater than those read out from nanoDots in the annealed batch. This may be attributed to the systematic error related to not annealing nanoDots prior to their irradiation and readouts, and the statistical uncertainty attributed to using eqn (2) to calculate the net number of PMT counts from nanoDots that were left unannealed. Thus, calculating the RCF i from nanoDots left unannealed prior to their irradiation and readout should not be performed by merely dividing the number of PMT counts read out from the nonannealed nanoDots by the delivered air kerma dose. Rather, a much more accurate approach would be to plot the PMT counts read out from the nonannealed nanoDots and use the slope of the curve to ascertain the reader calibration factor as the number of PMT counts accrued in the nonannealed batch of nanoDots that was observed to behave linearly at delivered air kerma doses as low as 1 mGy.
Reader calibration factor-nanoDot quantity comparison Fig. 7a and b compare the reader calibration factors calculated for the annealed and nonannealed batch of OSLD nanoDots, respectively, using five irradiation trials at each delivered air kerma dose to ascertain C i and the reader calibration factor RCF i . In Fig. 7a , the reader calibration factor calculated when using five OSLD nanoDots irradiated at an air kerma dose of 5 mGy for five irradiation trials is sufficient to acquire an approximation of the reader calibration factor that is within 0.40% of the reader calibration factor calculated when using 10 or more OSLD nanoDots at the same delivered air kerma dose. The reader calibration factor calculated when using five nanoDots from the annealed batch at a delivered air kerma dose of 5 mGy in Fig. 7a is 754 ± 5.5 (0.7%) PMT counts mGy −1
. Here the reader calibration factor can be approximated with a percent uncertainty below 1.0% when using as few as five nanoDots given that these nanoDots were irradiated with a known air kerma dose of 5 mGy for five irradiation trials that include annealing and subtracting the annealed signal in between the irradiation trials. The reader calibration factor calculated when using five nonannealed nanoDots at a delivered air kerma dose of 5 mGy, when using five dose irradiation trials, was calculated to be 866 ± 69 (8.0%) PMT counts mGy −1
. The percent difference between reader calibration factor values calculated when using 5 nonannealed nanoDots as opposed to 10 or more nonannealed OSLD nanoDots was calculated to be within 8.0% of one another. The values for the reader calibration factor calculated when using a variable amount of OSLD nanoDots in the nonannealed batch exhibit greater variation than those calculated in the annealed batch, especially at higher delivered air kerma dose. As demonstrated in Fig. 7a , the values for the reader calibration factor calculated when using a variable amount of nanoDots remain consistent with one another at each delivered air kerma dose and do not differ from one another by more than 4.0% at a delivered air kerma dose between 0.02 mGy to 5 mGy. Conversely in Fig. 7b , the values for the reader calibration factor when using a variable amount of nanoDots exhibit much larger variation at each delivered air kerma dose. The maximum percent difference for the reader calibration factor values at the same delivered air kerma dose, between 0.02 mGy to 5 mGy, for a set of 5 to 30 nanoDots that were used in the nonannealed batch vary by as little as 1.4% to as large as 41.4%.
CONCLUSION
OSLD nanoDots that were annealed prior to their irradiation and readout exhibit smaller statistical error associated with the net number of PMT counts they have gained following an irradiation trial. The mean annealed signal read out from OSLD nanoDots that were optically bleached with blue light for a period of 1 h was calculated to be 31.0 ± 4.3 PMT counts. OSLD nanoDots that were optically annealed prior to their irradiation, with the annealed signal subtracted from the mean signal produced from 30 readouts, provided a much better approximation of the net number of PMT counts they have accrued than did OSLD nanoDots that were left unannealed. This was observed in calculating the mean sensitivity factor of each OSLD nanoDot by taking the cumulative average of the sensitivity factors calculated from using a greater number of irradiation trials at delivered air kerma doses between 1 mGy to 5 mGy. It is recommended that in calculating the mean sensitivity factor of OSLD nanoDots that the OSLD nanoDot be optically annealed prior to its irradiation and readout. Additionally, a minimum of three individual sensitivity factors independently calculated at a delivered air kerma dose of 1 mGy and above should be used to determine the mean sensitivity factor of an OSLD nanoDot. A majority of the nanoDots from the annealed batch had mean sensitivity factors that had a CV below 5.0%, when using three irradiation trials, while those in the nonannealed batch had a CV for their mean sensitivity factor that exceeded 10% when using the same number of irradiation trials. It is recommended that the calculated sensitivity factors, especially those calculated for the nanoDots in the annealed batch, be included when calculating the reader calibration factor. The individual sensitivity factor is used to correct the response of the individual dosimeter to that of the entire batch to ensure that the response of every dosimeter in the batch is uniform.
The reader calibration factor can be calculated by using the linear dose-response method or the method of dividing the mean number of PMT counts read out by the batch of nanoDots by the delivered air kerma dose. When using the linear dose-response method, it is recommended that the batch of nanoDots annealed and read out prior to its irradiation, or the annealed batch of nanoDots, be used and that at least two irradiation trials be performed for delivered air Fig. 7 . Reader calibration factor calculated as a function of the dose, using five irradiation trials at each delivered air kerma dose to determine the mean number of PMT counts read out from the group of nanoDots, using different amounts of OSLD nanoDots from the (a) annealed batch and (b) nonannealed batch. The reader calibration factor for each set amount of OSLD nanoDots used at each delivery air kerma dose was calculated by taking the mean number of PMT counts read out from the set amount of OSLD nanoDots and dividing it by the delivered air kerma dose. The error bars represent 1 standard deviation in the calculated reader calibration factor for each set amount of nanoDots at each delivered air kerma dose.
kerma doses between 0.02 mGy to 5 mGy to acquire a percent uncertainty for the reader calibration factor that is below 1.0%. When using the latter method of dividing the mean number of PMT counts read out by the batch of nanoDots by the delivered air kerma dose, it is also recommended that the annealed batch of nanoDots be used with three or more irradiation trials at a delivered dose of 1 mGy or above to acquire a reader calibration factor with a percent uncertainty below 5.0%. Additionally, when using the latter method with five irradiation trials at a delivered dose of 5 mGy, the mean number of PMT counts read out from the annealed batch of nanoDots and the reader calibration factor both have a percent uncertainty that falls below 1.0%. The latter method is a much quicker and efficient way to approximate the reader calibration factor within a certain percent uncertainty given that it requires fewer irradiation trials to be performed at a single delivered air kerma dose. Additionally, the number of nanoDots required to acquire the reader calibration factor does not need to be as high as 30, which was the number of nanoDots in each batch. As few as five nanoDots provide a reader calibration factor that has a percent uncertainty below 1.0% given that it is annealed and read out prior to each irradiation trial for five irradiation trials at a delivered air kerma dose of 5 mGy.
